This study measures the hydration heat emission rate and quantity of cementitious materials containing 10%, 20%, 30% and 40% of steel slag (SS) powder at 298 K, calculates the kinetic parameters such as the reaction rate constant k, the degree of hydration α, and the order of reaction n according to the Krstulovic-Dabic hydration kinetics model, and discusses the influence of SS content over the hydration reaction and mechanism of cementitious materials. Results show that, with the increase in SS content, the hydration heat emission quantity decreases. The hydration process of cementitious materials containing different SS contents involves three stages, namely, nucleation and crystal growth (NG), interactions at phase boundaries (I), and diffusion (D). The Krstulovic-Dabic model can effectively simulate the hydration process of SS-based cementitious materials prepared with all-solid wastes. With the increase in the SS content, the hydration reaction induction period prolonged and the generation of hydration products is slowed down. At the early stage of hydration, NG is the controlling factor, which is gradually replaced by I as the hydration degree increases, and eventually by D when the reaction reaches the final stage.
INTRODUCTION
Over the years, the rapid development of iron and steel metallurgy has aggravated the resource consumption, energy consumption, and waste discharge problems [1] [2] [3] . By conducting in-depth investigations in the field of industrial solid waste, researchers determined the pozzolanic activity of steel slag (SS), slag, tailings and other kinds of industrial solid waste, and used their findings to prepare building materials. Prepared with all-solid wastes, SS-based cementitous materials release considerable amount of heat during the hydration reaction. Researchers should explore the chemical reactions via by kinetics to reveal its microscopic mechanism dynamically. Merzouki [4] used the Knudsen model to analyze the influence of slag content, water-binder ratio and other factors on the hydration heat emission quantity of composite cementitious materials and determined that the model can accurately predict the hydration heat emission rate of composite cementitious materials with a low slag content. However, the model fails to explain the hydration reaction mechanism. Kolani [5] measured and analyzed the hydration heat emission quantity, the content of free and bound water, and the Ca(OH)2 content of composite cementitious materials, by using a multiphase hydration kinetics model. The results indicate that slag replacement and temperature have a significant influence over the hydration degree of composite cementitious materials. Krstulovic [6] reported that the hydration reaction process of cement-based materials consists of three stages, namely nucleation and crystal growth (NG), interactions at phase boundaries (I) and diffusion (D). By using the Krstulovic-Dasic model, Yan Peiyu [7] [8] [9] , Wang Qiang et al. [10] [11] [12] [13] [14] discussed the hydration rate of cementGGBSsteel slagprobed into the hydration kinetics of cementbased cementitious materials, and revealed that the reaction process simulated by the Krstulovic-Basic model [6] is consistent with the actual reaction process.
In this study cementitious materials were prepared with allsolid wastes such as SS, slag and desulfurized gypsum, which has not been reported. Then, the influence of SS content on the hydration heat emission rate and quantity and was analyzed the hydration kinetics and mechanism of cementitious materials were discussed.
THE HYDRATION KINETICS MODEL OF CEMENTITIOUS MATERIAL
For ordinary chemical reactions, the rate constant
Thus, the kinetic equation of a heterogeneous system at a defined temperature is expressed as [15] :
where α is the degree of hydration reaction of the raw materials; t is the duration of the reaction; ) α ( f is the reaction mechanism function; T is the thermodynamic temperature; A is the pre-exponential factor; a E is the apparent activation energy; and R is the universal gas constant.
In the Krstulovic-Dabic model, the hydration reaction process of cement-based cementitious materials consists of three stages, namely, NG, I, and D. Similar to the hydration process of cement-based cementitious materials, the hydration process of cementitious materials prepared with allsolid wastes is also a heterogeneous reaction system involving the three stages of NG, I, and D. During the hydration reaction, the three stages occur simultaneously. Thus, every hydration reaction process has the following stages:
where α is the degree of hydration reaction of the raw material; t is the duration of the reaction; K1, K2 and K3 are the reaction rate constants; n is the order of reaction; and R is the universal gas constant.
Given that R is a constant, 
to derive the following equations:
where Q(t) is the hydration heat emission quantity at the time t of the reaction of the cementitious materials; Qmax is the hydration heat emission quantity of the cementitious materials if the reaction duration is infinite; t50 is the time it takes for the hydration heat emission quantity to reach 50% of Qmax; and t0 is the end time of the hydration reaction induction period of the cementitious materials.
EXPERIMENT
Prepared with all-solid wastes, the cementitious materials are mixtures of three raw materials,namelySS, slag and desulfurized gypsum. The SS sampled from Wuhan Yuhua Steel Co., Ltd. in Hebei Province, China mainly contains C2S, C3S, C2F and RO (the solid solution of MgO, FeO, and MnO), and a small amount of CaO. Figure 1 shows the XRD spectrum of SS. The slag is sampled from the blast furnace slag provided by Hebei Jintaicheng Building Materials Co., Ltd. The gypsum is selected from the desulfurized gypsum provided by Shijingshan Thermal Power Plant in Beijing. 
Figure 1. XRD spectrum of SS
The SS, slag, and gypsum are ground until the specific surface area reaches 560, 580, and 640 m 2 /kg, respectively. The cementitious materials are prepared with different mix proportions according to the plan shown in Table 2 . The hydration heat emission rate and quantity of the cementitious materials are continuously measured for 200 h with Thermometric TAM Air eight-channel microcalorimeter. The water/binder ratio is 0.50 (mass ratio), and the test temperature is 25 °C.
RESULTS ANALYSIS

The pattern of hydration heat emission of the cementitious materials
Figures 2 and 3 show the hydration heat emission rate and quantity of the cementitious materials, respectively. The first exothermic peak of the cementitious materials usually appears 0.5 h after the materials have been mixed and stirred with water. During this moment, the cement is still being prepared. Thus, investigating the pattern of hydration heat emission of cementitious materials after the completion of pouring is more practical. 
stages, i.e., preinduction, induction, acceleration, deceleration, and stabilization stages [15] [16] . When the SS content is 10%, 20%, 30%, and 40%, the hydration reaction rate of the cementitious materials decreases with the increase in SS content. At the second exothermic peak, the maximum hydration heat emission rate is 10 Figure 2 , shows that the third exothermic peak appears at the SS content of 30% and becomes more prominent at the SS content of 40%. That is more AFt are converted to AFm in the hydration reaction as the C3A content in the cementitious materials prepared with all-solid wastes increases with the addition of SS [17] .
The hydration induction stage of cementitious materials prepared with all-solid wastes requires nucleation control. Before the formation of crystal nucleus and the hydration products, Ca(OH)2 in the solution must reach a certain concentration [18] . In the meantime, the Ca 2+ concentration in the solution is affected by slag absorption. In the early stage of the reaction system, the pH and Ca 2+ concentration of the reaction system increase rapidly with the increase in SS content, which is conducive to slag dissolution. However, if the SS content is excessively high, it is impossible for the small amount of slag to swiftly absorb Ca 2+ in the solution. When the Ca 2+ absorption rate of slag is slower than the Ca 2+ dissolution rate of SS, the further hydration of the SS is suppressed, the hydration reaction rate of the cementitious materials is slowed down, the second exothermic peak is significantly delayed, and the maximum hydration heat emission rate and quantity are decreased.
Hydration kinetics analysis of the cementitious materials
The hydration heat data of the cemetitious materials of the experiment are substituted into Equation (5), and the value of the maximum cumulative heat release Qmax of the hydration reaction of the cementitious materials is determined by linear fitting. Figure 4 shows the fitting of the maximum hydration heat emission quantity Qmax of the hydration reaction of the cementitious materials in Group a.
The degree of hydration α(t)is calculated by Equation (6). α(t) is substituted into Equation (2) to obtain ln [−ln(1 − α)] and ln(t − t0).
The kinetic parameters at the NG stage n and 1 ′ K are obtained by linear fitting of ln [-ln(1 -α)] and ln(tt0). Figure 5 shows the linear fitting of the kinetic parameters of the NG stage.
The kinetic parameters of stage I 2 ′ K and stage D 3 ′ K are obtained in the similar manner and by the linear fitting with Equation (3) and Equation (4), respectively. On this basis, the reaction rates of NG, I, and D, i.e., F1(α), F2(α), and F3(α), respectively,can be acquired using Equations (2) to (4) . In reference to the handling of Group A, Groups b, c and d are processed to obtain the corresponding kinetic parameters. Figure 6 shows the relationship between the degree of hydration α and the dα/dt, F1(α), and F2(α) of the hydration process of the cementitious materials in Groups a, b, c and d. Table 3 shows the kinetic parameters of the hydration process of the cementitious materials in each group.
As shown in Figure 6, F1( from NG to I and from I to D, respectively, the dominant factor and reaction mechanism are observed to change with the reaction time. With relatively few hydration products, NG is the dominant factor at the early stage of the reaction. The hydration products gradually increase and the ion migration becomes difficult with time. In this case, the dominant factor of the hydration reaction changes to I or D [7, 15] . As shown in Table 3 , the order of reaction n gradually decreases with the increase in SS content, an evidence for the influence of additional SS content on the formation of hydration products of the cementitious materials. With the increase in the SS content, 1 
K and 2
K initially increase and then decrease, indicating that stage I of the hydration reaction of the cementitious materials is significantly affected by the proportion between SS and slag. With a low activity at the early stage, the dissolution of SS at a low content leads to the rapid increase in pH of the liquid phase, and the high concentration of Ca 2+ . In this case, the slag is rapidly activated, which accelerates the hydration reaction. When the SS content is relatively high, the proportion of slag in the system is reduced correspondingly. Given that the small amount of slag cannot rapidly absorb Ca 2+ in the solution, the further hydration of the SS is suppressed, the hydration heat emission rate of the entire system is slowed down, and the reaction processeds to stage I at the low hydration level. This conclusion is also verified by the gradual decrease in 1 α .
Moreover, 3 ′ K increases with the SS content. The main reason for the increase is that the number of hydration reaction products is reduced at all stages of the reaction because of the increase in SS content, resulting in larger porosity in the system [9] , lower resistance to ion diffusion, and delayed initiation of the diffusion mechanism. The silicate minerals in SS gradually hydrate and increase the Ca 2+ concentration in the system with time. In this case, the slag activity is significantly stimulated. The ensuing pozzolanic reaction absorbs Ca 2+ to produce the C-S-H gel and AFt, which in turn stimulates SS dehydration. The synergistic effect of the two processes elevates the degree of hydration of the system, and the cementitious materials are no longer dominated by stage I when the degree of hydration is high, but by stage D. This finding is proven by the gradual increase in 2 α . Figure 7 shows the SEM images of neat paste specimens made from the cementitious materials in Groups a, b, c and d at the water/binder ratio of 0.20 after 1 day.
Micromorphology of the hydration reaction
As shown in Figure 7 , the hydration reaction has occurred in the cementitious materials of both groups after 1day. Numerous hydration products have been formed with C-S-H gel and the columnar AFt crystals intertwined. The hardened slurry network structure is substantially formed [19] [20] [21] . At the early stage of hydration reaction, the hydration of SS produces the C-S-H gel and Ca(OH)2 and rapidly increases the alkalinity of the system [22] [23] . Being the other main raw material in the cementitious materials, slag mostly encompasses a large number of silicon tetrahedrons and aluminum oxide tetrahedrons, and possesses potential reactivity. In an alkaline environment, the weak Al-O bond of slag breaks first and produces H3AlO4 2- [24] , which in turn reacts with Ca 2+ in the alkaline solution to produce the C-S-H gel. The comparison of Figures 7(a) , 7(b), 7(c), and 7(d) shows that with the increase in SS content, the amount of C-S-H gel and AFt produced by the cementitious materials containing after 1 day are significantly reduced. AFt in the hydration products of the cementitious materials in Group a surpasses its counterpart in Group d in terms of thickness, quantity and shape completeness [25] . This finding also verifies the correctness of the hydration kinetics analysis.
CONCLUSION
(1) With the increase in SS content, the hydration heat emission rate of the cementitious materials is slowed down, the second exothermic peak is delayed, and the hydration heat emission quantity is significantly reduced. A significant third exothermic peak appears when the SS content exceeds 30%.
(2) The hydration reaction of the cementitious materials prepared with all-solid wastes can be classified into three stages, namely, NG, I, and D. The Krstulovic-Dabic model can ensure good simulations of the hydration reaction process of SS-based cementitious materials prepared with all-solid wastes.
(3) With the increase in the SS content, the hydration reaction induction time of the cementitious materials prepared with all-solid wastes is prolonged. At the early stage of hydration, NG is the controlling factor, which is gradually replaced by I as the hydration degree increases, and eventually by D when the reaction reaches the final stage.
